We demonstrate label-free detection of low glucose concentration based on whispery gallery mode resonance in an optofluidic microcapillary (OFMC) biosensor. The wall surface of the OFMC is bio-chemically functionalized to detect cellular-level glucose concentration as low as 2.78 mM. The measured sensitivity is 0.966 pm/mM. The fabricated microcapillary has a thin wall thickness of 2 μm and a Q factor of 1.3 × 10 6 , corresponding to a bulk refractive index sensitivity of 23.36 nm/RIU. The OFMC biosensor has advantages such as high resistance to environmental perturbation, small sample volume down to 90 nL and cost-effectiveness. Theoretical analysis shows the sensor sensitivity depends on the microcapillary wall thickness and liquid core refractive index.
quality factor (Q) of the resonator [11] . In recent years, sensitive and label-free detection of biomolecules such as viruses, DNA and proteins are implemented by various WGM resonator biosensors. WGM will change when it reactively interacts with a bound small protein molecule on the surface of a silica microsphere resonator [12] .
A slightly deformed microcavity is employed to monitor the mode broadening caused by transferring 70 nm-radius polystyrene (PS) particles to surface of the microcavity [13] . Different from solid-core WGM resonators, hollow-core microcavities can act as fluidic input/output channels, which can handle aqueous solutions of small volume. The unique capability of integrating with microfluidics and excellent optical confinement of their WGMs make hollow-core microcavities one of the most promising optofluidic platforms for sensitive chemical and biosensing of aqueous solutions [14] .
In this paper, we propose and demonstrate an optofluidic biosensor based on a thin wall microcapillary resonator for label free, low concentration glucose detection. To the best of our knowledge, this is the first report on detecting glucose concentration as low as 2.78 mM based on a bio-mechanically functionalized optofluidic microcapillary (OFMC) with high Q and small sample volume. Sensing performance of the biosensor is analyzed both theoretically and experimentally.
Sensor fabrication and experimental setup

Modeling and simulation
As shown in Fig. 1(a) , FDTD method is used to simulate the WGM spectra of the OFMC with different liquid core refractive indices (RIs). The simulation parameters are as follows: The light source is transverse-electric (TE) polarized with wavelength swept from 1.5 to 1.6 μm. The simulation grid size is 100 nm and the resulting spectral resolution is 0.002 nm. The material refractive indices of the taper and the microcapillary are 1.4446. The waist diameter of the fiber taper is 1 μm, the wall thickness and the outer diameter of the microcapillary are 0.8 μm and 10 μm, respectively. The diameters chosen in the simulation are significantly smaller than those in the experiment. The coupling distance between the fiber taper and the microcapillary is set to 400 nm. Figure 1 Then, sensitivity of the OFMC with different wall thicknesses is also investigated. The outer diameter of the microcapillary is about 50 μm. The wall thicknesses are 1 μm, 2 μm, 3μm and 4 μm. Use m, l to represent the natural axial mode number and an azimuthal mode number, respectively [16] . The modal intensity distributions of the WGM (m = 1, l = 338) with different wall thicknesses are simulated and compared in Fig. 2 . It can be seen clearly that the moda the inner wall per-coupled m e the thin-wall 2 μm, observe apixel chargesonator using th ured to be abo a waist diamet resolution. Ov selecting micro perties with the vely higher, ce area [15] . A ver a short di tection.
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The experimental setup of the proposed OFMC biosensor is shown in Fig. 5 . Aqueous solutions are flowed through the microcapillary by a syringe pump with a minimum speed resolution of ~0.1 µm and a minimum flow rate of ~7 µL/min. A tunable laser source (TLS) with a narrow linewidth of 5 kHz and a wavelength tuning range of 90 nm near 1550 nm is pump into the fiber taper and excites the WGM. The WGM spectra are recorded by a photodetector (PD, New Focus 1811) with a bandwidth of 125 MHz. The polarization controller (PC) controls the polarization state of the incident light for optimal coupling condition. 
Sensor calibration
Firstly, deionized water is flowed into the microcapillary to test sensor stability with aqueous solution injected. The WGM spectra of the OFMC are recorded every 10 minutes and measured for 1 hour, as shown in Fig. 6 . The maximum wavelength fluctuation of the WGM spectrum is about 0.89 pm. WGM resonance in the OFMC is not only sensitive to target analyte but also sensitive to environmental disturbances such as mechanical vibration and temperature change. For a detectable target analyte variation, the wavelength shift of the WGM spectrum should be larger than 0.89 pm. The proposed sensor system is placed on a vibration isolation platform, thus temperature perturbation is the most harmful noise sources and further improvements should be considered to suppress the sensor instability. Then, we flow aqueous NaCl solutions with five different concentrations into the OFMC. The RI of each solution is measured with an Abbe refractometer for five times, as shown in Table 1 . 78 mM, the amount of glucose molecules inside is about 2.5 × 10 −7 mmol, the refractive index change of the low concentration glucose solution is ~10 −3 , correspond to an undetectable WGM wavelength shift of < 0.89 pm. Figure 9 shows the WGM wavelength shift from glucose concentration of 0 mM to 16.67 mM. It can be seen that using the unfunctionalized microcapillary for detection, the maximum concentration difference of 13.89 mM results in a small wavelength shift of about 2.63 pm. Where, σ p is the biomolecular surface density, ε s is the relative permittivity, α ex represents the excess polarization due to a single biomolecule, τ denotes the change of field intensity near the inner wall surface after surface functionalization, the magnitude of which is related to the refractive index and the thickness of the layer. The integral of the denominator represents the mode energy over the entire waveguide cross section. Since most of the energy is confined in the microcapillary wall, the integrated amplitudes of the two modes (fiber mode and hybrid mode) are almost the same. The integration of the numerator illustrates the energy density of the inner wall surface of the microcapillary. After differentiating (1), we can get:
Equation (2) illustrates the transduction mechanism from evanescently induced change of β Δ into the detectable wavelength shift. Capturing more glucose molecules on the microcapillary wall can cause larger refractive index change and enhance the wavelength shift. Surface bio-chemical functionalization of the microcapillary is thus performed for enhancing the wavelength shift caused by variation of the glucose concentration.
The inner wall surface of the microcapillary is functionalized with glucose oxidase (GOD) to capture more glucose molecules. The bio-chemical reagents required for surface functionalization are: deionized water, sodium acetate reagent, absolute ethanol, anhydrous glucose, GOD, nitric acid, concentrated sulfuric acid, and hydrogen peroxide. The surface functionalization steps are as follows: Firstly, deionized water is introduced into the microcapillary for several times to ensure that the microcapillary is clean. Then, a dilute nitric acid with a concentration of 5% is injected and sealed in the microcapillary, standing for 2.5 hours (Step I). Secondly, the microcapillary is cleaned alternately by deionized water and alcohol. Then, the concentrated H 2 SO 4 aqueous solution of hydrogen peroxide (95% by volume of concentrated sulfuric acid) is injected and sealed in the microcapillary for 1 hour to ensure that the hydroxyl group on the inner wall surface of the OFMC is fully activated (Step II). Next, the microcapillary is kept hollow and dried at room temperature. The 3aminopropyltriethoxysilane (APTES) solution is pumped into the microcapillary after drying, and then the OFMC is let stand for 30 minutes, rinsed with deionized water and alcohol to remove non-covalently bonded silane compounds in the chamber (Step III). Then, a 10 mg/ml glucose oxidase (GOD) solution (solvent is a sodium acetate buffer solution) is injected into the microcapillary. The solution is let stand for 2 hours to ensure that the GOD-COOH group sufficiently reacted with the NH 3 + after salinization on the inner surface of the microcapillary (Step IV). Finally, the inside of the microcapillary is rinsed successively with sodium acetate buffer solution and deionized water, and then let dry (Step V). The surface functionalization of the OFMC is thus completed.
Results and discussions
It is important that during the surface functionalization process, the coupling of the microcapillary and the fiber taper is kept stable. After surface functionalization of the inner wall of the microcapillary, the glucose solution is measured with the same procedure as the unfunctionalized one. As shown in Fig. 10 , the measured WGM spectra is red-shifted to a longer wavelength as the concentration of the glucose solution increases. It can be seen clearly from the zoom-in-view of Fig. 10 , the wavelength shift caused by low glucose concentration variation of 2.78 mM is now detectable, which is about 2.71 pm. The WGM resonance wavelength for the glucose concentration of 0 mM is shifted from 1547.12211 nm to 1547.13865 nm for the glucose concentration of 16.67 mM. The spectral shift range reaches 16.54 pm, which is more than 6 times larger than the unfunctionalized one with the same glucose concentration variation. Fig. 10 . Measured WGM spectra of the OFMC flowing through glucose solution with an increased concentration and the zoom-in-view of the red-shift WGM spectra.
The experimental results confirmed that, the glucose detection sensitivity of the OFMC is greatly improved after the surface bio-chemical functionalization. Figure 11 shows the linear fitting results of the wavelength shift as a function of the glucose concentration. The sensitivity of the functionalized OFMC is about 0.966 pm/mM. Fig. 11 . Linear fitting of the glucose detection sensitivity.
Conclusions
In conclusion, we demonstrate an OFMC biosensor for label free, low concentration glucose detection. Surface functionalization is used to enhance the sensitivity of the OFMC. The detection sensitivity of 0.966 pm/mM is achieved by our fabricated OFMC with a Q factor of 1.3 × 10 6 . The minimum detectable glucose concentration is 2.78 mM, with a small sample volume down to 90 nL. The simulation results depict the sensitivity is dependent on microcapillary wall thickness and refractive index significantly. This OFMC biosensor will have potential in biomedical and chemical sensing applications due to its merits of high stability, fast detection as well as high cost-effectiveness. The detection capability was analyzed both theoretically and experimentally.
